Question: Two questions were posed: 1. Can an independent measure of relative competitive ability be used to predict the abundance of species in mixtures? 2. Is the success of those predictions affected by low fertility (stress simulation) or clipping (disturbance simulation)? Location: Greenhouse at Carleton University, Ottawa, Canada. Methods: We collected adult plant ramets of 11 species from the field and transplanted one ramet of each species into 56 containers of 60 L. We applied a 4 × 2 factorial combination of fertilization (none, full nutrients except N, full nutrients except P, full nutrients) and clipping (no clipping, clipping to 10 cm above soil) with seven replicates of each treatment. After two growing seasons the above-and below-ground biomass of each species was determined. Results: Regression analyses uncovered a significant positive relationship between plant biomass (measured in this study) and relative competitive ability (as measured in an independent study) under all experimental conditions. Both the mean slope and mean R 2 were lowest in treatments with low nutrients and highest in the full nutrient treatment (irrespective of clipping). Conclusions: Our results show that (1) at high fertility, relative competitive ability can generally predict the abundance of species in experimental plant communities, and (2) the intensity of competition (inferred from the magnitude of the slope or R 2 ) increased with increasing nutrient supply, particularly nitrogen.
Introduction
One of the central objectives of ecology is the discovery and refinement of general predictive relationships among plant traits, environmental factors and ecological communities (e.g. Rigler 1982; Keddy 1987; Peters 1992; Shipley 2000) . Since competition is one of the main factors that structure plant communities (Weaver & Clements 1929; Grime 1979; Keddy 2001) , it would seem likely that the relative competitive ability of a plant should be a good predictor of its abundance in a plant community (Austin et al. 1985; Groves et al. 2003) . Such a relationship could have useful consequences for resource management, as many natural plant communities are showing changes in composition that appear to be driven by shifts in relative competitive ability attributable to eutrophication (e.g. Austin & Austin 1980; Ehrenfeld 1983; Newman et al. 1996 Newman et al. , 1998 Woo & Zedler 2002; Keddy & Fraser 2002) . These changes may cause rapid losses of biodiversity in natural plant communities Keddy 2005) . Although large sets of species have now been screened for relative competitive ability (e.g. Gaudet & Keddy 1988; an explicit test of their predictive power has not yet been made. Our study was designed to test whether a set of these previously-measured estimates of relative competitive ability could predict the composition of experimental wetland communities subjected to four levels of nutrients and two levels of disturbance.
Since the study used a 4 × 2 mixture of stress and disturbance (sensu Grime 1979) , it had potential to simultaneously contribute evidence to the long-running debate regarding the relative role of competition along a productivity gradient. Some evidence suggests that the intensity of competition increases with increased fertility or productivity (Grime 1973; Austin et al. 1985; Campbell et al. 1991; Twolan-Strutt & Keddy 1996) , although others argue that competition remains constant from low to high productivity (Newman 1973; Tilman 1988) . If competition intensity does vary with productivity, the predictability of community composition might depend on productivity as well (Austin et al. 1985; Gaudet & Keddy 1995; Rajaniemi et al. 2003) . Our two objectives were to test both propositions: 1. Can an independent measure of relative competitive ability predict plant abundance in experimental plant communities? 2. Does fertility or disturbance influence the strength of the relationship? We used 11 plant species, varying greatly in size and relative competitive ability, to test these propositions. These species are frequent in shoreline wetlands of the Ottawa River and Georgian Bay area of Canada (Keddy 1981; Brunton & Di Labio 1989; . Although they differ in size and in habitat, they also occur in mixed communities (Wilson & Keddy 1986a, b; Gaudet & Keddy 1988 , 1995 .
Many indices of plant competition have been proposed and tested (see Keddy 2001; Weigelt & Jolliffe 2003 for partial reviews). One way to determine relative competitive ability of plants is to compare the response of an individual plant grown in monoculture to the same species grown in mixture; another is to use a subset of species as 'phytometers' to screen large sets of species for relative competitive effect simultaneously. The first approach, the prediction of species performance in multi-species mixtures from that in monocultures, has proven successful (Austin et al. 1982 (Austin et al. , 1985 Campbell & Grime 1992; Garnier et al. 1997; Navas et al. 2002; Groves et al. 2003) . Austin et al. (1985) showed further that the relationship varies with nutrient level and that the slope of the regression lines increases with nutrient level and the associated increase in total biomass. We test the generality of the Austin et al. (1985) conclusions, but use the second approach to assessing relative competitive ability. In our study, the measure of relative competitive ability had been established for a set of 44 wetland plants that Gaudet & Keddy (1988) had grown with one common neighbour species, or phytometer, Lythrum salicaria. Relative competitive ability of each species was assessed as the ability of the target species to reduce the phytometer biomass, and was expressed as follows:
where CP i is the relative competitive ability of the ith species; P 1 is the biomass of the phytometer grown alone (control) and P 2i is the mass of the phytometer when grown with the ith species (Gaudet & Keddy 1988) . A few simple traits such as above-ground biomass and plant height could explain much of the variation in relative competitive ability (r 2 = 0.74). In a first field test Gaudet & Keddy (1995) found that this measure of relative competitive ability successfully predicted the distribution of 40 species in natural wetlands. We now will test whether the same measure of relative competitive ability can predict the composition of experimentally created plant mixtures. We created gradients of soil fertility and disturbance. Since acquisition of mineral resources, particularly nitrogen (N) and phosphorus (P), are fundamental requirements for all plants (e.g. Weaver & Clements 1929; Morowitz 1968; Marschner 1995) , we created habitats varying in N-and P-availability: no added nutrients, full nutrients except N, full nutrients except P, and full nutrients. This treatment was applied to vary community productivity. We then superimposed clipping as a disturbance since the removal of aboveground biomass would remove acquired resources from the plant, and more importantly, reduce competition for light. Non-equilibrium models of community organization assume that disturbance can cause a reduction in the intensity of competitive interactions (Grime 1973; Huston 1979; Suding & Goldberg 2001) and clipping has been applied as a disturbance treatment in other experimental communities (Fraser & Grime 1999; Fynn et al. 2005) . The influence of disturbance on competitive interactions, and the interacting effects of soil fertility, are not well understood (Goldberg & Barton 1992) , but recent studies are helping to clarify the interactive effects of disturbance and fertility on competitive ability (Suding & Goldberg 2001; Osem et al. 2004; Fynn et al. 2005) .
Our primary objective was to test whether relative competitive ability of individual species could predict the abundance of those same species in mixtures, and whether the answer was influenced by fertility or clipping. Simultaneously, however, the design allowed us to investigate whether the intensity of competition (inferred from the slope and R 2 of the relationship between relative competitive ability and species abundance in mixture; see Austin et al. 1985; Groves et al. 2003 ) changed with environment. The experiment was designed to provide data for a mixture of 11 species over two years where both the availability of belowground resources and rates of canopy removal were rigorously controlled.
Methods
Ramets from 11 wetland species were collected from the field over two weeks in late June and early July of 1997 (Table 1) and placed in cold storage until planting on July 7. They represented a subset of the 44 species that were measured by Gaudet & Keddy (1988) , with special care taken to include a wide range of relative competitive ability values (from 1 to 96 %). All of these are native to wetlands, particularly shorelines, in eastern North America and the Great Lakes basin, with the exception of the exotic invasive Lythrum salicaria, and naturally occur together in associated plant communities (Day et al. 1988; Brunton & Di Labio 1989) .
We established 56 60-L containers (40 cm wide × 60 cm long × 25 cm deep ) with 20 cm of autoclaved builder's sand in the Carleton University greenhouse. One ramet of ca. 3 g (± 0.02 g) wet weight from each of the 11 species was randomly planted in a pre-assigned grid, each spot being separated by 10 cm from other spots and from the sides of the containers. By standardizing initial plant size, we reduced the potential for introducing an uncontrolled size bias in the competitive response of our 11 species (Gerry & Wilson 1995) . We chose to use ramets instead of seeds because plants growing from ramets tend to have faster initial growth than seedlings, thus hastening the potential for competitive interactions. The water level was maintained at -5 cm relative to the soil surface by regular watering and holes drilled in the containers at the appropriate level. No artificial lights or temperature control was applied.
The experimental design included a 4 × 2 factorial combination of fertilization with seven replicates -with the following amounts of N and P per week:
'none' = no nutrients 0 mg N 0 mg P; 'no-N' = full nutrients except N 0 31 'no-P' = full nutrients except P 56 0 'full' = full nutrients 56 31 clipping: no clipping, clipping to 10 cm above soil We used Rorison's nutrient solution for the full fertilization treatment and a modified Rorison's for the no-N and no-P treatments (Hendry & Grime 1993) ; 1 L of nutrient solution, or water for the 'none' treatment, was applied to each container one week after planting, and continued on a weekly basis until the end of October.
The clipping treatment began the last week of August and continued weekly until the end of October. In November of the first growing season, the holes in the containers were plugged, and the plants were flooded under 5 cm of water until April of the following growing season. The plugs were then removed to allow the plants to resume summer growth and the fertility treatment resumed weekly until November. In addition, the clipping was re-initiated and continued on a weekly basis until November. At this time (the end of two complete growing seasons) we harvested the plants, sorted them to species and separated above-ground and below-ground parts. The plants were then ovendried at 60 °C for ca. 48 h and weighed. Due to handling errors, two of the containers were lost: one receiving no nutrients and no cutting and one receiving no nutrients and cutting.
Linear regression was applied to test the power of relative competitive ability to predict mean dry plant biomass per species (natural log-transformed) in mixture across the eight experimental treatment conditions. We also calculated linear regressions for aboveand below-ground parts but do not present the data because the results are similar to the total biomass results and thus do not add to the interpretation. In addition, linear regressions were calculated for relative competitive ability and species dry biomass for each container community (n = 54), and two properties were derived for each nutrient and clipping treatment: mean slope, mean R 2 . Two two-way, fixed-effect ANOVAs were used to assess differences in these two properties among treatments.
A three-way, fixed-effect ANOVA was used to determine the response of biomass to species, fertility and clipping. A two-way ANOVA assessed the response of the root:shoot ratio to fertility and cutting. Data were natural log-transformed to satisfy assumptions of homoscedasticity and normality of residuals. All analyses were performed using Systat version 8.0 (Anon. 1998). Fig. 1 . The relationship between mean total dry biomass and competitive ability for 11 wetland plant species (Table 1 ) grown in mixture under eight different nutrient and clipping scenarios (n = 6 or 7 for each treatment, see Methods).
Results
All relationships between mean total dry biomass of each species in mixture and relative competitive ability for the eight nutrient by clipping treatments are significant, and all the slopes are positive (Fig. 1) . The only marginally significant relationship (p = 0.053) occurred in the no nutrients/no clipping treatment. The R 2 values ranged from 0.356 (Fig. 1a -no nutrients/no clipping) to 0.747 (Fig. 1h -full nutrients/clipping) . Species with the highest relative competitive ability tended to have the greatest mean biomass in mixture. Lythrum salicaria, the species with the highest relative competitive ability (Table 1), had the greatest mean biomass in treatments that did not contain nitrogen and were not clipped (Fig. 1a, c) . In all of the other treatments but one, Phalaris arundinacea had the greatest mean biomass. The one exception occurred with no nutrients and clipping (Fig. 1b) , where Acorus calamus had the greatest mean biomass. Generally, the species with the lowest mean biomass across treatments were Ranunculus reptans, Juncus pelocarpus and Hypericum ellipticum.
R 2 -values differed with nutrient treatment, but not with clipping or the interaction between nutrients and clipping ( Table 2 ). The greatest mean R 2 occurred with the full nutrient treatment (Fig. 2a) . The treatments with no nutrients had the lowest R 2 , while the no-P and no-N treatments had intermediate values. Mean slope differed among nutrient and clipping treatments, but there was no nutrient by clipping interaction ( Table 2 ). The slope was greatest for full nutrients, followed by no P, no N and no nutrients (Fig. 2b) . Clipping decreased the slope of the regression line for all nutrient treatments.
The three-way ANOVA showed significant effects of species, nutrients and clipping on mean log e biomass of the 11 wetland plants (Table 3) . Interactions between species and nutrients, and species and clipping were also significant. In general nutrient addition increased and clipping reduced biomass. Total mean biomass (all plants combined, data not shown) was greatest in treatments receiving full nutrients and no clipping, and least in treatments with no nutrients and clipping. The treatments without N had a lower biomass than those without P. ) as reflected by (a) mean R 2 (+ 1 SE) and (b) mean slope (+ 1 SE) for the relationship between total dry biomass and competitive ability (n = 6 or 7, see Methods). Table 3 . Results of a three-way ANOVA examining the effects of the 11 wetland species (SPECIES), the four nutrient treatments (NUTR), and the two clipping treatments (CLIP) on total plant dry biomass (log e g). The two-way ANOVA on root:shoot ratios showed that both nutrients and clipping had significant effects (Table 4) . As expected, clipping increased the root:shoot ratio, while the addition of N reduced the root:shoot ratio. There was no significant interaction between nutrients and clipping. Table 4 . Results of a two-way ANOVA examining the effects of the four nutrient treatments (NUTR) and the two clipping treatments (CLIP) on the ratio between below-and aboveground dry biomass (log e g).
Source
Sum others) that may have contributed to the observed composition of the experimental communities. Using the slopes of the relationships, which are often assumed to be a measure of competition intensity (e.g. Austin et al. 1985) , our data are consistent with the proposition that competitive intensity increases with fertility (Austin et al. 1985; Campbell & Grime 1992; Twolen-Strutt & Keddy 1996; Callaway et al. 2002) , and that clipping reduced the intensity of competition (Huston 1979; Osem et al. 2004 ). The highest mean slope occurred in the nutrient treatments that contained full nutrients and were not clipped. The lowest slopes occurred when nitrogen was absent, and these slopes were further reduced by clipping. Correspondingly, the nutrient treatments containing nitrogen (Fig. 1 e-h ) also had greater productivity measured as total plant biomass. Austin et al. (1985) also showed that the steepness of a regression line between a competitive ability index and relative plant biomass grown in mixture increases with nutrient level. Fig. 1 suggests that plants with higher relative competitive abilities were more competitively dominant when they were not clipped (e.g. Huston 1979; Osem et al. 2004) . Clipping lowered the biomass of these strong competitors, and resulted in an increase in biomass of poor competitors. One mechanism that might account for these patterns would be competition for light, which was reduced when clipping prevented a canopy from closing.
The variation accounted for by the regression line, R 2 , suggests that competitive intensity increases with fertility, and that clipping had little further effect. R 2 was highest (0.747) in the treatment with full nutrients and disturbance (leaves clipped every week). The treatment that was stressed (no nutrients supplied for two years) and not clipped had the lowest R 2 (0.356) and a marginally significant relationship (p = 0.053) between biomass and relative competitive ability. Although the artificial clipping was non-selective, unlike herbivory (e.g. Fraser & Grime 1999) , it did do the most damage to the tallest plants with the highest growth form, such as Phalaris arundinacea. Clipping may also have intensified below-ground competition by forcing clipped plants to forage for nutrients to construct new shoots (Tilman 1988; Berendse & Elberse 1990; Suding & Goldberg 2001; MacDougall & Turkington 2004) . The significance of this relationship may also have been reduced by greater variability in response -these plants would be most susceptible to minor differences in factors such as recovery from transplantation, initial growth rates, position effects within the container, minor topographic differences within containers, position effects or differences in water supply among containers, etc. Irrespective of the choice of slope or R 2 , however, competition intensity increased when nutrients were increased.
Discussion
The first objective was to test the power of Gaudet & Keddy's (1988) estimates of relative competitive ability to predict species performance in mixture. Species reported by them as having a higher relative competitive ability, such as Phalaris arundinacea and Lythrum salicaria, produced significantly greater biomass, while species with relatively low competitive abilities (e.g. Ranunculus reptans and Juncus pelocarpus) had lower biomass in our experimental mixtures. These patterns emerged across eight different sets of environmental conditions produced by nutrient additions and clipping (Fig. 1) . These results are also in accordance with Austin et al. (1985) , who showed that relative biomass in monoculture predicts performance in multispecies mixture.
We emphasize that the species and individuals in our experiment were independently collected from natural habitats more than a decade after the study by Gaudet & Keddy (1988) , our experiment was in a different location (Carleton University as opposed to the University of Ottawa), and our plants grew in a greenhouse instead of outside. In spite of these differences, the data from one set of experiments could predict patterns in another, accounting for up to 74.7% of the variation in biomass in our experimental communities.
Two tools have been proposed to assess the relationship between competition intensity and the environment: the slope of the relationship, and the proportion of variance accounted for by the relationship (Austin et al. 1985; Weldon & Slauson 1986; Weldon et al. 1988; Jolliffe 1997; Keddy 2001 ). Although we used these tools, we emphasize that our experiment was not designed to specifically test interspecific competitive interactions -only controlled monoculture and mixture experiments can do this. Experiments at this scale often do not include monocultures for comparison (e.g. Grime 1987; Weiher & Keddy 1995; Fraser & Keddy 1997) . Hence, it is not possible using our design to separate the relative impacts of different relative growth rates, different tolerances to low nutrients, different tolerances to clipping, and different competitive abilities (among We emphasize that the main objective of this experiment was to test whether relative competitive ability can predict the composition of communities, and how much this might vary with conditions in those communities. Our results show in general that predictive models based upon systematic measures of plant traits are a reasonable and practical goal (see also Shipley 1994; Grime 2001; Keddy 2001; Freckleton & Watkinson 2001) . The power of prediction seems to vary with the environmental conditions. The mechanisms that underlie these patterns remain unclear, and illustrate why there are still debates over mechanisms of competition. The search for general quantitative relationships in nature is fundamental to the advancement of theoretical and applied ecology (Rigler 1982; Keddy 1987 Keddy , 2005 Peters 1992; Shipley 2000) . Plant traits, such as relative competitive ability, may provide an important tool for improving our predictive capacity.
